Introduction
Histidyl residues are well known as the most common binding sites of various metalloproteins and metalloenzymes. The presence of histidine in the proteins responsible for the development of various neurodegenerative disorders (or conformational diseases) promoted further studies on the metal complexes of multihistidine peptides. Huge number of papers has been published on this subject in the last two decades reflecting the great variety of the complex formation processes of these ligands. It cannot be the aim of this paper to give a complete overview of these studies but the readers can easily find the most important results in several recent reviews [1] [2] [3] [4] [5] [6] . It is evident from these compilations that the metal binding ability of the peptides largely depends on the number and location of histidyl residues in the sequence. The enhanced copper(II) and nickel(II) binding affinity of the albumin-like amino termini (Xaa-Yaa-His…) has already been well documented for a series of small peptides [1, 3, 6, 7] . The specific coordination modes of the N-terminal histidyl residues and also the Xaa-His sequences have also been satisfactorily clarified [1, 3, 6] . The studies on the copper(II) complexes of the peptide fragments of prion protein and related substances revealed that the internal histidyl residues can also be anchoring sites for copper(II) or nickel(II) binding [5] . Moreover, the formation of polynuclear copper(II) and/or nickel(II) complexes was observed with various multihistidine peptides [8] [9] [10] [11] . Peptide fragments of prion protein and amyloid-β peptides provided the most evident examples for the binding of more than one copper(II) and nickel(II) ions in these complexes [12] [13] [14] [15] [16] . It was also clear from these studies that the metal ion affinities of the various histidyl sites are not equivalent and a series of coordination isomers of the mononuclear complexes can be present in solution [5, 16] .
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The studies on the copper(II) and nickel(II) complexes of the peptide fragments of prion protein revealed that even the presence of the non-coordinating side chain residues can significantly influence the ratio of coordination isomers. Moreover, it turned out that the distribution of the metal ions among the various binding sites very much depends on the nature of metal ions and a completely different saturation of the specific sites was obtained for copper(II) and nickel(II) ions [5] . These observations promoted the launch of systematic studies on the mixed metal complexes of various multihistidine peptides. The preliminary studies in this field involved the complexes of simple multihistidine model peptides [17] and various fragments of prion protein [18, 19] and amyloid-β peptide [20, 21] . On the other hand, the comparison of the metal binding affinities of the different coordination modes created by histidyl residues is also crucial for the determination of the favoured coordination isomers.
These data are now available for the small peptides containing one histidyl residue in different environments, but no reliable comparison is possible when the different coordination modes exists in one peptide molecule. Now in this paper we report the synthesis of two, terminally free model peptides containing two separate histidyl residues and the studies on their binary copper(II), nickel(II), zinc(II) and ternary or mixed metal complexes with the same metal ions. The heptapeptide AHAAAHG provides a good chance for the comparison of the tridentate (NH 2 ,N -,N im ) and the tetradentate (N im ,3N -) coordination modes, while in the case of the octapeptide AAHAAAHG, the albumin-like (NH 2 ,2N -,N im ) and the internal (N im ,3N -) coordination environments can be compared. Scheme 1 is used to compare these major binding modes of the peptides of histidine. The precipitate was washed with cold diethyl ether and separated from it, than dried, redissolved in water, and finally lyophilized. The purity of the peptides was checked by analytical rp-HPLC analyses using a Jasco instrument, equipped with a Jasco MD-2010 plus multiwavelength detector. The analyses were performed by eluting solvent A (0.1% TFA in acetonitrile) and solvent B (0.1% TFA in water) on a Vydac C18 chromatographic column (250 x 4.6 mm, 300 Ǻ pore size, 5 m particle size) at a flow rate of 1 mL/min, 3% of solvent B monitoring the absorbance at 222 nm. The purity of the peptides was checked by HPLC and by recording the pH-dependent 1 H NMR spectra of the peptides. Potentiometric titrations also confirmed the purity and the identity of the peptides. For all peptides the purity was greater than 94%.
The metal ion stock solutions were prepared from analytical grade reagents of CuCl 2 , NiCl 2 and ZnCl 2 and their concentrations were checked by gravimetry via the precipitation of oxinates.
Potentiometric measurements
The pH-potentiometric titrations were performed in 3 mL samples at 2 mM ligand concentration with the use of carbonate-free stock solution (0.2 M) of potassium hydroxide.
The metal ion to ligand ratios were selected as 1:1 and 2:1 for binary systems and 1 and overall stability constants (log β pqrs ) of the metal complexes were calculated by means of the general computational programs, (PSEQUAD and SUPERQUAD) as described in our previous publications [19, 20] . The equilibrium constants were defined by equations (1) and (2) for the binary and (3) and (4) for the ternary systems.
Spectroscopic measurements
UV-visible spectra of the copper(II) and nickel(II) complexes were recorded from 250 to 800 nm on a Perkin Elmer Lambda 25 scanning spectrophotometer in the same concentration range as used for pH-potentiometric measurements.
CD spectra of the same complexes were recorded on a JASCO J-810 spectropolarimeter using 1 and/or 10 mm cells in the 220-800 nm wavelength range at the same concentration as used for pH-potentiometry. [22] . Table 1 The presence of a terminal amino group and two histidyl residues offer the possibility of two well separated metal binding sites in this peptide. The amino terminus with His (3) residue corresponds to an albumin-like binding site, while His(7) can be the other anchoring group for metal ion coordination. In agreement with this expectation the formation of both mono-and di-nuclear complexes was observed with copper(II) and nickel(II) ions, while only mononuclear species were formed with zinc(II). Table 2 . It is clear from The spectral parameters of the major species calculated from the absorption and CD spectra are included in ion is much less favoured and it gives rise to the (3N -,N im ) coordination mode around the His(7) binding site.
Speciation and structure of the copper(II), nickel(II) and zinc(II) complexes of the terminally free heptapeptide, AHAAAHG
The acid-base properties of the heptapeptide AHAAAHG are very similar to those of the octapeptide. The corresponding stability constants are collected in Table 3 Figure S6 in the Supplement). Table 3 Figure 3 Table 4 Scheme 2
The speciation of the corresponding nickel(II) complexes of AHAAAHG are very similar to the copper(II) containing systems (see Table 3 ). UV-visible spectra unambiguously 
Studies on the formation of mixed metal complexes
The presence of dinuclear complexes in the copper(II) and nickel(II) containing systems provides the opportunity for the formation of mixed metal dinuclear species. The interactions with all three combinations of the metal ions were studied in the equimolar samples of two different metal ions and one of the peptides by spectroscopic studies.
It has already been described in Section 3.1 that the octapeptide AAHAAAHG has an outstanding affinity towards both copper(II) and nickel(II) ions, but the stability constants of (6) residue. This, however, can be only a minor species and cannot prevent the hydrolysis of zinc(II) by increasing pH.
The formation of mixed metal complexes were, however, unambiguously proved in the copper(II)-nickel(II)-AAHAAAHG system. There was also a slight precipitation of nickel(II) hydroxide in these systems preventing the determination of stability constants.
These precipitates were, however, dissolved by high pH providing the opportunity for the quantitative evaluation of the spectra recorded in the mixed metal systems. ESI MS spectra of the mixed metal species were recorded in alkaline samples and the results are shown by It is also an important conclusion of this study that the presence of well separated histidyl residues in peptides creates a great chance for the formation of dinuclear and/or mixed metal complexes. The significant differences in the thermodynamic stabilities of the various coordination modes, however, result in the preference of the N-terminally coordinated species, but the coexistence of the (NH 2 ,N -,N im ) and (3N -,N im ) coordination modes can also occur as it was found for the copper(II)-AHAAAHG system. The results also proved that in the mixed metal species always copper(II) ions saturate the N-terminal sites and nickel (II) coordination is shifted to the internal histidyl residues. This conclusion is slightly different from those reported for the mixed metal copper(II)-nickel(II) species of the peptide fragments of prion protein [19] . In the latter system the addition of nickel(II) ions to the copper(II) [15, 19] .
Spectrum (e) is calculated by the superposition of spectra (c) and (d). 
